ABSTRACT: The development of Mg batteries, which can potentially achieve higher energy densities than Li-ion systems, is in need of cathodes that can reversibly intercalate Mg 2+ and exhibit a higher energy density than the stateof-the-art Chevrel and thio-spinel cathodes. Recent theoretical and experimental studies indicate that the oxide spinel family presents a set of promising Mg cathodes. Specifically, in this work, we investigate Mg intercalation into the spinel-Mg x Cr 2 O 4 system. Using first-principles calculations in combination with a cluster expansion model and the nudged elastic band theory, we calculate the voltage curve for Mg insertion at room temperature and the activation barriers for Mg diffusion, respectively, at different Mg concentrations in the Cr 2 O 4 structure. Our results identify a potential limitation to Mg intercalation in the form of stable Mg-vacancy orderings in the Cr 2 O 4 lattice, which exhibit high migration barriers for Mg diffusion in addition to a steep voltage change. Additionally, we propose cation substitution as a potential mechanism that can be used to suppress the formation of the stable Mg-vacancy ordering, which can eventually enable the practical usage of Cr 2 O 4 as a Mg-cathode.
■ INTRODUCTION
Multivalent (MV) batteries, which pair a nondendritic metal anode, such as Mg, with a high-capacity cathode, are a promising pathway to achieving higher energy density, improved safety, and reduced costs compared to conventional Li-ion batteries. However, MV batteries currently face challenges in the form of incompatible electrolytes with limited anodic stability 1 and cathodes with either poor MV ion mobility or low energy density. 2, 3 For example, the state-of-the-art Mgbatteries employ low-voltage sulfide cathodes, such as the Chevrel-Mo 6 S 8 4 or the spinel-Ti 2 S 4 . 5−7 Oxide-based MV cathodes, on the other hand, offer the possibility of high energy density, albeit with generally poor MV mobility 8 and potential conversion side-reactions. 2, 9, 10 One pathway to improving MV mobility in oxides is finding frameworks that host MV ions in an "un-preferred" coordination environment, such as a spinel that hosts Mg in a tetrahedral environment instead of the preferred octahedral environment. 8, 11, 12 Indeed, a recent study has demonstrated facile Mg-transport in ternary chalcogenide spinels, with potential applications as Mg solid electrolytes. 13, 14 Spinel oxides are described by a general formula of AM 2 O 4 , where A and M are the MV cation (Mg 2+ in this work) and the transition metal cation (e.g., Cr 3+/4+ ), respectively. They have long been used for Li cathode applications 15−20 and are also expected to exhibit both reasonable Mg diffusion and high energy density. 21 An example of a promising spinel oxide cathode is Mn 2 O 4 , which is one of the few oxides that can intercalate Mg 2+ electrochemically, 22−24 albeit poorly, and exhibits a good voltage (∼2.9 V), high theoretical capacity (∼270 mAh/g), and reasonable Mg migration barriers (∼500− 600 meV in the dilute vacancy limit). 21, 25 However, a major issue with Mn 2 O 4 is the tendency of the spinel to undergo "inversion", which is the exchange of the cations in octahedral sites (i.e., Mn 3+/4+ ) with the cations in tetrahedral sites (i.e., Mg 2+ ). 26−29 Consequently, inversion in the spinel structure can cause blockage of Mg percolation paths, which can severely limit both the macroscopic transport of Mg through the cathode particle and the practical capacity that can be extracted.
12 Notably, the facile disproportionation of Mn 3+ to Mn 4+ and Mn 2+ has been attributed by previous studies to aid inversion in Mn-spinels. 16 Besides Mn 2 O 4 , spinel-Cr 2 O 4 is another promising oxide cathode, exhibiting similar theoretical capacity to Mn 2 O 4 (∼280 mAh/g), a significantly higher voltage (∼3.6 V), and comparable migration barriers (∼600−650 meV). 21 Furthermore, Cr 3+ /Cr 4+ ions tend to strongly prefer 6-fold coordination 11, 30 owing to large crystal field stabilization energies, 31, 32 33 ,34 the latter of which tends to prefer 4-fold coordination. 33, 35 Additionally, even though previous work has suggested the prevalence of conversion reactions in oxide cathodes, 2,9,10 we do not expect the MgCr 2 O 4 system to undergo conversion reactions upon discharge due to the thermodynamic stability of spinel-MgCr 2 O 4 , as determined by the 0 K Mg−Cr−O ternary phase diagram. 34, 35 Spinel MgCr 2 O 4 has previously been studied for its magnetic properties. 36−43 In this study, we investigate the properties of Mg intercalation in the Cr 2 O 4 spinel in detail using firstprinciples calculations. To evaluate the free energy and Mg chemical potential in the material we use the cluster expansion approach, which has been previously used to calculate phase diagrams in Li, 44−46 Na, 47 and Mg 48 intercalation compounds. 49 The cluster expansion is an expansion on site occupation variables, fit to energies from first-principles calculations. The cluster expansion is then combined with Monte Carlo simulations to include configurational entropy in the finite temperature free energy. 
■ STRUCTURE
The MgCr 2 O 4 spinel structure, as shown in Figure 1a , is composed of Mg 2+ occupying tetrahedral 8a sites (orange polyhedra in Figure 1a ) and Cr 3+ /Cr 4+ occupying the octahedral 16d sites (blue polyhedra) within a cubic closepacked O 2− lattice (32e, vertices of orange and blue polyhedra). In a polyhedral representation, the structure consists of Croctahedra that are edge-sharing with other Cr-octahedra and vertex-sharing with Mg-tetrahedra. In any given ⟨110⟩ direction, the spinel structure can be visualized as tunnels, which intersect at regular intervals allowing 3D diffusion of Mg atoms through the structure. Low energy Mg x Cr 2 O 4 configurations often consist of a combination of fully occupied, halfoccupied, and empty tunnels (Figure 1b ).
■ METHODS
To construct the 0 K phase diagram of the Mg x Cr 2 O 4 system, we use density functional theory (DFT) 50, 51 as implemented in the Vienna Ab initio Simulation Package (VASP), 52, 53 using the Perdew−Burke− Ernzerhof (PBE) parametrization 54 of the generalized gradient approximation (GGA) to describe the electron exchange and correlation. We add a Hubbard U correction of 3.5 eV to the GGA Hamiltonian to remove the spurious self-interaction of the chromium d-electrons. 55−57 The wave functions are constructed using the projector augmented wave (PAW) theory, 58 using a well-converged energy cutoff of 520 eV, and sampled on a Monkhorst 59 k-point mesh of density 1000/atom. Additionally, we include the semicore 3p-electrons along with the valence 4s and 3d electrons to construct the chromium pseudopotential. Each calculation is converged to within 0.01 meV/formula unit.
To obtain the room-temperature voltage curve, we perform grandcanonical Monte Carlo (GMC) simulations on a cluster expansion (CE) Hamiltonian, where the CE is an expansion of the total energy of the system in terms of the occupancies on a topology of sites. 18, 60, 61 In practice, the CE is written as the summation of the interactions of the clusters, where clusters refer to pairs, triplets, quadruplets, etc. of sites, as given in eq 1.
In eq 1, the energy (E) of a configuration (σ) of Mg ions in the Cr 2 O 4 lattice is expressed in terms of symmetrically distinct clusters (α). Each term in the sum is given by the product of the multiplicity of a cluster α (m α ) in the spinel lattice, the effective cluster interaction of α (V α ), and Π i ϵ β σ i , the occupation variable averaged over all clusters β that are symmetrically equivalent to α. For each site i within a cluster β, we assign σ i = +1(−1) when i is occupied by Mg (vacancy).
The CE is fit to the total internal energies of ∼249 Mg−vacancy (Va) configurations, as obtained via DFT calculations. The Mg−Va configurations are enumerated using the Pymatgen library up to supercells of 64 oxygen at 25%, 50%, and 75% Mg, 24 oxygen at 33% and 66% Mg, and 48 oxygen at 16% and 83%. 62, 63 For the 50% Mg concentration, we took only the 50 configurations with the lowest electrostatic energy, as evaluated by the Ewald sum of the supercell, 64 due to the large number of enumerations for the 64-oxygen supercell at 50% Mg. We use the split-Bregman algorithm 65, 66 to identify the set of relevant ECIs and fit them to the total internal energies. Convergence of the CE is verified using an in-house algorithm, as described by Huang et al., 67 in combination with canonical Monte Carlo simulations. The root mean squared error (RMSE) and the leave-one-out cross-validation (LOOCV) scores are used to quantify the fit quality and the predicative capability, respectively, of the CE. Note that the set of Mg−Va configurations is built assuming no inversion of the spinel, i.e., the Mg/Va occupies only the8a tetrahedral sites.
We perform GMC calculations on 12 × 12 × 12 supercells of the primitive rhombohedral spinel cell (corresponding to 3456 Mg/Va sites), using the Clusters Approach to Statistical Mechanics (CASM) package. 68, 69 The GMC simulations are equilibrated for 40 000 steps and sampled for 100 000 steps. The voltage curve at each temperature We calculate the activation barriers to Mg migration in structures with 33% and 50% Mg concentration as well as in the dilute Mg and dilute vacancy limits using DFT-based Nudged Elastic Band (NEB) calculations, 72, 73 with forces converged within 50 meV/Å. For the dilute Mg and dilute vacancy cases, we consider a single Mg (vacancy) migrating to a nearby empty (occupied) Mg site. For the 33% Mg and 50% Mg cases, we consider two cases, namely addition of a vacancy (+Va) and an interstitial Mg atom (+Mg) to the stable ordered structure. For +Va, we create a vacancy in one of the Mg-occupied 8a sites within the 33% and 50% Mg structures and consider the migration of the vacancy to an equivalent Mg-occupied 8a site. For +Mg, we insert an additional Mg in an 8a site that is unoccupied in the ground state ordering. In the case of the 33% Mg structure with +Mg, we consider specifically the migration of the +Mg in an empty tunnel so that +Mg moves to an adjacent unoccupied 8a site. For +Mg in the 50% Mg structure, the +Mg moves to an adjacent Mg-occupied 8a site concurrently with the migration of the Mg in the occupied 8a site to an interstitial 8a site (see Supporting Information S1.6).
Chemistry of Materials
For the DFT-based NEB calculation, we use both the GGA functional and the GGA+U (GGA with Hubbard U correction) functional. Convergence of GGA+U NEB calculations can be problematic due to the possible metastability of electronic states along the migration path in GGA+U, which is a functional that enforces electron localization. As an ion moves along the migration path the specific transition metal ion where the electron localizes may change. The transition of the electron from one state to another is typically not adiabatic in GGA+U and due to the metastability of electron occupation in the method. In some cases, the electron even fails to localize which leads to a very large positive energy contribution from the + U term. These problems with metastable charge density in GGA+U can make convergence of NEB with this functional problematic. Nominally, the barriers for electrons to migrate across redox centers is lower compared to ionic migration, 74, 75 indicating that ionic migration is the kinetic rate-limiting step, especially in MV systems, 2, 21, 76 giving some support for an adiabatic approach to the ion migration problem. Here we have successfully converged NEB calculations for the Mg−Cr 2 O 4 system using the GGA+U functional and consider both the GGA and GGA+U barriers in the discussion. meV/f.u. There are also numerous ground states that appear to lie near the linear interpolation between the 16% and 33% Mg ground states and between the 50% and 83% Mg ground states (see Figure 3 ). The Mg x Cr 2 O 4 CE, described with 29 clusters, predicts a similar convex hull as compared to the DFT calculations (solid red line in Figure 2a ), resulting in a RMSE of 8 meV/f.u. and a LOOCV of 13 meV/f.u., indicating both good quality and predictive capability of the CE fit. The CE energies and DFT energies and ground state hulls match relatively well, with the CE convex hull matching 6 out of the 10 ground states in the DFT convex hull. Further, of the DFT ground states that are not CE ground states and the CE ground states that are not DFT ground states, the CE predicts the E formation of the configurations with an error of less than 3 meV except for configurations with Mg concentration below 10%.
We further evaluate the performance of the cluster expansion by calculating the error between the CE-predicted and DFT E formation and plot it against the energy above hull in Figure 2b . The energy above hull (E hull ) of a structure is given by the energy of decomposition into stable ground states. Structures with E hull = 0 are stable, whereas structures with low E hull are Figure 2b , the energies of structures within 50 meV/f.u. off the convex hull are generally predicted by the cluster expansion with an error of less than 10 meV/f.u. Notably the CE predicts E formation of a majority of high E hull (up to 100 meV/f.u.) structures with an error of less than 20 meV/ f.u. Additionally, the CE tends to underestimate E formation of structures at low Mg concentration (Figure 2a) .
In Figure 3 , we plot the energy below the tie-line (E tie-line ) for each ground state configuration, where the E tie-line of a ground state is given by the E formation of the ground state referenced to the stable states at adjacent Mg compositions. For example, the adjacent stable states for the 33% Mg ground state (with E formation ∼ −128 meV/f.u.) are the 25% Mg (E formation ∼ −114 meV/f.u.) and the 50% Mg (E formation ∼ −119 meV/f.u.) ground states. Consequently, E tie-line of the 33% Mg is given by the difference between E formation of the 33% Mg ground state and the weighted-sum of the E formation of 25% Mg and 50% Mg ground states, so
50% 33% 50% 25% 119 meV f. u.
33% 25% 50% 25%
12.3 meV f. u.
Thus, the E tie-line quantifies the "depth" of a ground state because it indicates the driving force to form the ground state instead of the stable states at adjacent Mg concentrations. For example, the 33% Mg and 50% Mg ground states with E tie-line > 10 meV/f.u. would be considered "deep" ground states, whereas the 25% Mg and 66% Mg ground states with E tie-line < 5 meV/f.u. are considered "shallow" ground states. Indeed, the data in Figure 3 indicate that the deepest ground states are at 33% Mg (E tie-line ∼ 13 meV/f.u. with respect to the 25% Mg and 50% Mg ground states) and 50% Mg (E tie-line ∼ 10 meV/ f.u. with respect to the 33% Mg and 62.5% Mg ground states). Additionally, there are numerous shallow (E tie-line < 5 meV) Mgvacancy orderings such as the 16% Mg and 25% Mg orderings as well as the orderings above 50% Mg in both the DFT and CE convex hulls. Shallow ground states are more likely to disappear at elevated temperature unless they have higher entropy than the structures that define their tie-line. The Figure  3 insets show the structures of the ground states at 33% Mg and 50% Mg, along the ⟨110⟩ direction, with the repeating unit outlined with the white dashed line.
Using Figure 3 to further analyze the performance of the CE vs DFT, we find that the CE is generally able to predict the E tie-line of ground states within 2−3 meV/f.u. of the DFT values. In all ground states common between the CE and DFT convex hulls, the CE predicts E tie-line that are within 5 meV of the DFT E tie-line . Notably, the CE does not predict the DFT ground states at 6.25% Mg, 62.5% Mg, and 75% Mg, as indicated by the lack of yellow bars at those concentrations in Figure 3 , whereas the CE predicts spurious ground states at 78% Mg and 89% Mg. Because the voltage curve depends primarily on the shape of the convex hull, i.e., changes in slope of E formation with respect to x Mg , we choose to trade error in prediction of the exact ground state orderings for lower absolute errors in the ground state E formation . 2+ in a vertex-sharing 8a site. We also calculate the migration barrier using NEB for Cr diffusion to the lowest energy structure among the structures resulting from a Cr 4+ exchange.
We additionally consider the possibility of Cr 4+ disproportionation (3 Cr 4+ → 2 Cr 3+ + Cr 6+ ) as the resulting Cr 6+ ions prefer tetrahedral coordination. To this end, we initialize the Cr atom in the 8a site with a low magnetic moment (∼0 BohrMagneton) in our calculations, which indicates a Cr 6+ ion. In all calculations of the inverted structures, the magnetic moment on the inverted Cr in the tetrahedral site relaxed to ∼2.3 BohrMagnetons, suggesting a 4+ charge indicating that disproportionation does not occur. Figure 4a compares the formation energy of the noninverted 33% Mg ground state (black) with the configurations resulting from all possible exchanges of a single Cr 4+ with either an 4+ and an occupied Mg site is unlikely to occur in the 33% Mg ordering, but the inverted structure in which Cr 4+ moves to an empty Mg site may be slightly more thermodynamically accessible at room temperature. Figure 4b shows the NEB-calculated energy profile for Cr 4+ diffusing from an octahedral site to a low energy vacancy site. The energies in Figure 4b are referenced to the initial ground state configuration (0% path distance), with the migration barrier of the given trajectory indicated by the maximum in the corresponding energy profile. From Figure 4b , the migration barrier to Cr diffusion is ∼2240 meV. In general, at room temperature, we do not expect to see any hops with migration barriers over 2 eV, so we do not expect Cr inversion to occur at the 33% Mg concentration based on kinetics. Thus, despite the small energy difference (∼20 meV) between the 33% Mg ground state and the same configuration with an additional Cr 4+ exchanged with a vacancy, the high kinetic barrier to Cr inversion makes Cr inversion unlikely.
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Voltage−Composition Curve. Figure 5 . Note that the voltage plateaus (such as between 33% and 50% Mg) in Figure 5 correspond to 2-phase regions while voltage steps (at 50% Mg for example) correspond to specific ground state configurations. Also, the magnitude of the voltage step at a specific Mg concentration corresponds loosely to the depth of the ground state configuration (see Figure 3) .
The DFT voltage curve has a multitude of voltage steps, with the small steps (<0.05 V) originating from the numerous shallow ground state orderings and the largest steps of 0.42, 0.20, 0.22, and 0.15 V originating from the 6.25% Mg, 8.3% Mg, 33% Mg, and 50% Mg ground state configurations, respectively. The large voltage steps at 33% Mg and 50% Mg are in agreement with the deep 33% Mg and 50% Mg ground states and suggest that the 33% and 50% Mg ground states may limit intercalation. 79 The 0 K voltage curve calculated by the CE agrees broadly with the DFT curve except for absent voltage steps at 6.25% Mg, 62.5% Mg, and 75% Mg and spurious voltage steps at 78.9% Mg and 88.9% Mg, consistent with the data from Figure 2 and Figure 3 .
At 293 K, the voltage curve essentially follows the trends displayed by the 0 K CE curve, with noticeable differences at low Mg (<20%) and high Mg (>85%) concentrations. For example, between 10% Mg and 22% Mg, the voltage steps at 8.33% and 16.67% Mg are smoothed into a continuous curve. The smoothing behavior comes from the increase in configurational entropy as temperature increases, which disorders the weakly ordered ground states, leading to a solid-solution behavior. We additionally note that an artificial ground state appears at 75% Mg in the Monte Carlo at 293 K, indicated by the sharp voltage step at 75% Mg concentration. Specifically, the Monte Carlo calculation discovers a new CE ground state at 75% Mg that is not a part of the set of configurations used to fit the CE. Upon DFT calculation, the new 75% Mg configuration is near the convex hull (E hull ∼ 4 meV/f.u.) but not a real DFT ground state and is actually overstabilized by the CE by ∼10 meV/f.u., which is within the 13 meV/f.u. LOOCV error of the CE. Due to the small E tie-line of the ground states between 50% Mg and 83% Mg, the overstabilization of the new 75% Mg configuration causes that configuration to become a strong ground state in the CE. Thus, the 75% Mg voltage jump is an artifact of our cluster expansion. From Figure 5 , we calculate the average voltage for Mg intercalation to be 3.6 V in Cr 2 O 4 , consistent with previous theoretical studies. 21 Also, the voltage curve at 333 K, as shown in Figure S6 of the Supporting Information, appears largely unchanged from the 293 K voltage curve. Notably, the 33% and 50% Mg steps are retained even at an elevated temperature of 60°C. We subsequently investigate Mg mobility within the Cr 2 O 4 framework by calculating the migration barriers for Mg diffusion within the deep 33% and 50% Mg ground states, which will be encountered during Mg intercalation.
NEB Barriers. To analyze the ease of Mg mobility in the Cr 2 O 4 lattice at different levels of (de)intercalation, we perform NEB calculations at several Mg concentrations, including 0% Mg (dilute Mg limit), 33% Mg, 50% Mg, and 100% Mg (dilute Va limit). In each of the cases, we consider the migration path typical of Mg in tetrahedral sites of the spinel (Figure 6a ). In the path depicted in Figure 6a , the Mg migrates from a tetrahedral site (A) through a triangular face (B) shared by the tetrahedral with an empty octahedral site (C) to the empty octahedral site and then through another triangular face (B′, not shown in Figure 6a ) to the final tetrahedral site (D). In the dilute Mg (Va) limit, we consider a single Mg (Va) diffusing through the empty (magnesiated) Cr 2 O 4 host, along the trajectory shown in Figure 6a ,b. To evaluate Mg migration in the 33% and 50% Mg configurations, we considered the ground state configurations (Figure 3 inset and Supporting Information S1.2) and introduce either an additional vacancy (+Va) in the Mg-occupied 8a sites (Figure 6c,d , yellow-outlined path) or an additional Mg (+Mg) in one of the unoccupied 8a sites ( Figure  6c orange-outlined path and Supporting Information S1.6). In the case where we add +Va, we evaluate the barrier for a Mg to migrate to the vacant 8a-site added to the ground state configuration. In the case where we add +Mg, for the 33% Mg ground state, we evaluate the barrier for the +Mg to migrate to an adjacent vacant 8a-site in the empty tunnel (see inset in Figure 3 ). Because the paths are symmetric (i.e., (1) to (2) is (1) to (2)).
For the above calculations, we use 7 images to represent the migrating Mg along the diffusion paths. For the 50% Mg with +Mg, the path is slightly more complex and is explained further in Supporting Information S1.6. Figure 7 shows the NEB DFT-calculated migration barriers for all configurations (dilute Mg, 33% Mg with +Va, 33% Mg with +Mg, 50% Mg with +Va, 50% Mg with +Mg, and dilute Va) using the GGA functional (in green in Figure 7 ) and the GGA+U functional (in yellow in Figure 7 ). Additionally, a direct comparison between NEB barriers and energy profiles calculated using GGA and GGA+U for each configuration is shown in Figure S8 in the Supporting Information. From Figure 7 , the GGA barriers of ∼730 meV and ∼600 meV at the dilute Mg and dilute Va limits agree with the literature values of ∼600−700 meV. 21 The 33% Mg and 50% Mg NEB barriers, which have not been previously reported, are ∼920 and ∼790 meV with +Va and ∼670 meV and ∼970 meV with +Mg, respectively. Further, the energy profiles ( Figure S5 in the Supporting Information) is in agreement with previous studies regarding the shape of the energy profile, with maxima at the triangular faces (B and B′ in Figure 6a ). 21 Based on the NEB energy profiles calculated using the GGA +U functional in Figure 7 , the dilute Va limit and 33% Mg with +Mg have the lowest barrier (∼690 and ∼700 meV, respectively) among the GGA+U migration barriers calculated (similar to the ∼600 and 670 meV migration barriers calculated in GGA). In the dilute Mg, 33% Mg with +Va, and 50% Mg with +Va and with +Mg configurations, GGA+U predicts a significantly higher Mg migration barrier than GGA. Specifically, GGA+U predicts barriers of ∼930 meV for the dilute Mg configuration, ∼1250 meV for the 33% Mg configuration with +Va, ∼980 meV for the 50% Mg configuration with +Va, and ∼1200 meV for the 50% Mg configuration with +Mg, which are respectively ∼200, ∼320, ∼200, and ∼250 meV higher than their GGA counterparts. Further comparing the GGA and GGA+U energy profiles in Supporting Information S1.7, it is notable that the end states of the 33% Mg with +Va and 50% Mg with +Va paths are ∼300−350 meV higher than the initial states in GGA+U but not in GGA, reflecting the fact that GGA +U and GGA tend to give quite different ordering profiles (further shown in Supporting Information S1.8). Because of the forced charge localization in GGA+U, screening is not as effective as in GGA, and ordering is more pronounced, leading to stronger effective ordering interactions. Similar effects have also been seen in Na x CoO 2 . 47 In general, GGA orderings seem to be closer to experimental observations, except in systems where electron localization is very pronounced. 80 To contextualize the magnitude of migration barriers, previous work has shown that barriers around 600−750 meV and below can yield reasonable diffusivity for a 100 nm cathode particle under Mg-electrochemical conditions. 2 Based on the range of reasonable migration barriers (600−750 meV), the dilute Va and 33% Mg with +Mg migration barriers are within the limits of reasonable diffusion in both GGA and GGA+U, indicating that initial Mg deintercalation from a chemically synthesized MgCr 2 O 4 should be facile under electrochemical conditions. However, both GGA and GGA+U migration barriers at lower Mg concentrations, specifically for 50% Mg with +Mg and with +Va and 33% Mg with +Va are above the upper limit of 750 meV, signifying that Mg extraction will be difficult beyond Mg 0.5 Cr 2 O 4 .
■ DISCUSSION
The Mg x Cr 2 O 4 system is an appealing system due to its high theoretical capacity (280 mAh/g) and high average voltage (3.6 V). The NEB calculation and room temperature voltage curve suggest that initial deintercalation until the system is 50% deintercalated is largely uninhibited based on the reasonable (∼690 meV in GGA+U) migration barrier and the smooth voltage profile at x Mg > 0.5. Significant barriers to deintercalation appear at the 33% Mg and 50% Mg concentrations in the form of >900 meV diffusion barriers (in GGA+U) and large voltage jumps of 0.22 and 0.14 V, respectively. Similar thermodynamic barriers in the form of stable orderings have been shown to inhibit intercalation in Figure S6 in Supporting Information). Thus, though operating at elevated temperatures is one way to improve cation mobility, the operating temperature will need to be raised significantly higher than 60°C to destabilize 33% Mg and 50% Mg ground states, which may be beyond the stability limits of current organic Mgelectrolytes. Additionally, we note the difficulties of charging Mg x Cr 2 O 4 to low Mg concentrations (<33%) as the voltage extends beyond the electrolyte cathodic stability limit (∼3−3.5 V) typical in Mg-systems. 62, 83 To more accurately address the potential instability of demagnesiated Cr 2 O 4 , we calculated its energy as well as that of the ground state rutile CrO 2 using the recently developed nonempirical strongly constrained and appropriately normed (SCAN) functional, which has been shown to improve ground state predictions over the GGA (PBE) and GGA+U functionals. 85 Based on the SCAN calculations, we find that spinel Cr 2 O 4 is 260 meV/atom higher in energy than the rutile CrO 2 ground state. We can compare the spinel vs rutile energy difference of CrO 2 to that of MnO 2 , in which the rutile form is similarly the ground state but the spinel can easily be retained at room temperature and no conversion to rutile is ever observed. 86, 87 In the case of MnO 2 , the spinel Mn 2 O 4 phase is ∼110 meV/atom above the rutile ground state using the SCAN functional, which is significantly lower than the 260 meV/atom spinel vs rutile energy difference in CrO 2 . 88 Though the driving force to convert the empty spinel to rutile is much higher in CrO 2 than in MnO 2 , based on the metastability of the spinel Mn 2 O 4 phase, we cannot make a definite prediction about the stability or lack thereof of spinel Cr 2 O 4 .
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A potential approach to improve the Mg migration in the Mg x Cr 2 O 4 spinel system is destabilizing (or lowering the depth of) the 33% Mg and/or 50% Mg configurations via substitution of the anion, tetrahedral Mg, or octahedral transition metal sites. Of the possible substitutions, cation-substitution or doping on the transition metal octahedral site, such as Mn or Ni on the Cr octahedral site, appears the most promising due to the success and improved electrochemical properties of transition metal doping in Li spinel oxides. 89, 90 Further, the migration barriers at the dilute vacancy limits of the MgMn 2 O 4 and MgNi 2 O 4 spinels are lower (∼400 meV with GGA) than that of MgCr 2 O 4 (∼600 meV with GGA and ∼690 meV with GGA+U). Thus, doping with Mn or Ni on the Cr site may result in paths with lower migration barriers. Other potential substitutions to consider are fluorine or sulfur, which have been successfully doped on the oxygen site in the LiMn 1.5 The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.chemmater.7b04038.
Further details on the cluster expansion ECI and the 33% Mg and 50% Mg ground state orderings are provided. An explanation of the free energy integration performed to remove hysteresis in the voltage profile is also provided. The change in unit cell during Mg intercalation is provided and discussed. The 60°C (333 K) voltage profile is plotted along with the DFT, CE-predicted, and 20°C (293 K) voltage profiles shown in the main text. The migration path of an additional Mg in the 50% Mg structure for which migration barriers were calculated is shown. Direct comparisons between NEB migration barriers and the convex hulls of the Mg x Cr 2 O 4 system using the GGA vs GGA+U functionals are also displayed (PDF)
